The development of quantitative methods for studying the effects of ultra-violet radiation on bacteria by such workers as Ward (1893), Bang (1905), Bayne-Jones and yon der Lingen (1923), and more recently by Gates (1929-30) and Wyckoff (1931-32), has only recently been applied to other organisms such as yeast. Lacassagne (1930) exposed S. elIipsoideus under a filter which transmitted the band of wave-lengths of the mercury vapor arc spectrum between 2800 and 3800/~.u. and noted that three categories; (a) immediate death, (b) deferred death (two-cell groups), and (c) ceils which, after a retardation in cell division, ultimately recovered their reproductive powers, could be distinguished in the irradiated cells. Wyckoff and Luyet (1931) showed that yeast exposed to high energies at several sharp bands in the mercury vapor spectrum fell into slmiIar categories to those of Lacassagne, with the production of some giant cells. Their results tended to indicate a multiple-quantum-hit relation between survival ratio and time of exposure.
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It is of interest to extend these results by a determination of the various factors involved in the selective absorption of radiant energy by the organism over a fairly complete range of wave-lengths at carefully measured incident energies.
The present investigation 1 was proposed by Professor W. J. Crozier as a search for stimulating and inhibitory effects of ultra-violet energy ' The apparatus and the opportunity for an investigation of the effects of measured monochromatic ultra-violet light on yeast cells were available in the laboratory of Dr. Frederick L. Gates and it was under his direction that this study was carried out. 71 upon small organisms. Yeast was chosen because of various obvious characters which commend its use for this purpose. This paper deals with the several reactions indicated by morphological changes, and with the respiratory activity of the yeast subsequent to irradiation. The influence of certain modifying factors, internal morphological changes, the lethal spectrum, and the relation between the survival ratio and the incident energy on the basis of quantum considerations, will be given later. The measured variables were: (1) wave-length, (2) intensity of the incident radiation, (3) period of exposure, (4) ratio of the number of cells forming normal colonies to the original number, (5) ratio of the number of cells surviving to the original number, (6) changes in cell size and structure, and (7) the number of cells formed per colony. In the respiratory changes the rate of consumption of oxygen by irradiated suspensions of yeast was studied in relation to the period of exposure.
Methods
Light Source.--The source of ultra-violet light was a vertical quartz mercury vapor arc with a tungsten anode, operated at 67 volts, 5.5 amperes, in series with a resistance from a 120 volt, D.c. supply line. It is practicable in the ultra-violet region between the wave-lengths 2225 and 3132 A.u. to separate out lines, or groups of lines, of sufficient intensity at 2225, 2302, 2345, 2378, 2482, 2336, 2652, 2804, 2967, 3022, and 3132/~.u . The operating temperature of the lamp during the course of the experiment was controlled by a small blower set up to force a stream of air over the quartz tube.
Quartz Monochromator.--The characteristic light frequencies in the quartz region of the mercury arc spectrum were separated and focused on the test objects by a large quartz monochromator of special design. This was the same instrument used by Gates (1929-30 a, b; 1930-31) and assembled by him. A description of it is given in his article (Gates, 1929-30 a, p. 233) .
Energy Measurement.--The energy incident upon the test object was measured in ergs per mmfi per sec. by a sensitive thermopile connected through a ballast resistance to a sensitive galvanometer (Gates, 1929-30 a, p. 233) .
Test Objects.--All of the present experiments were made on Saccharomyces cere~isiae (Hansen), American Type Culture No. 2335, originally obtained from Professor F. W. Tanner and maintained in this laboratory for a number of years by Dr. A. E. Navez and Dr. T. J. B. Stier. This strain of yeast was chosen because of its long cultivation under standard conditions and because of certain known growth and temperature characteristics (Richards, 1928, and Stier, 1932-33) . S. cerevisiae being practically spherical does not offer serious orientation problems when seeded on an agar surface for irradiation. For most of the experiments the yeast was transferred every 24 hours by inoculating a fresh slant of 2 per cent agar and 1.5 per cent malt extract (Difco) with a loopful of ceils from the parent culture. The nutrient medium on autoclaving for 20 minutes at 15 pounds pressure has a pH of 4.7. This is well on the acid side and is unfavorable for the rapid growth of most wild molds and bacteria encountered in the laboratory but favorable to the yeasts. EXPERIMENTAL Suspensions of yeast of standard turbidity with a depth of disappearance of 70 ram. (Gates, 1920) were made up from 24 hour cultures incubated at 25°C. To break up any clumps of cells the suspensions were forced up and down 12 to 15 times through sterile cotton with a sterilized pipette. On examination under the microscope such suspensions were found to contain less than I per cent of two-cell groups.
The suspension was flowed over the surface of malt-agar contained in small Petri plates, 5.5 cm. in diameter, which were attached with wax to 5.1 × 7.6 cm. glass slides. The excess fluid was poured off and the plates allowed to stand in a vertical position until the water remaining on the agar surface had evaporated or had been absorbed.
Inoculated plates, thus freed of surface liquid, were covered with a crystal quartz plate to compensate for the quartz window of the thermopile and were mounted in a vertically placed mechanical stage in the plane of the thermopile junctions. By a rack and pinion either the plate or thermopile could be brought into the path of the beam of light passed by the exit slit of the monochromator. The seeded agar was irradiated over a sharply defined rectangular area of approximately 5 × 30 ram. Four irradiated areas separated by equivalent control areas were obtained on each plate. These were located at predetermined settings of the vernier scale of the mechanical stage. The cells were irradiated with timed exposures and at measured intensities of the monochromatic radiation, at room temperatures between 22 ° and 25°C.
After exposure the plates were incubated for 36 hours at 25°C. 2 For examination under the microscope the exposed areas were located at corresponding settings on the vernier of a mechanical stage similar to that on the monochromator. The central area of each exposed region, between parallel ruled lines in the eye-piece and stops on the stage was searched in making each count. Although intensity readings were taken before and after each set of exposures, and although the lamp was operated on high capacity storage batteries, certain experimental errors were found to occur. These may involve uneven distribution of the incident energy over the area irradiated and possibly the partial protection occasionally afforded Incubation temperature of 25°C. was chosen because it is well below the critical temperature for this strain of yeast (30°C.) above which the yeast although growing more vigorously gives rise to abnormal cells and colonies. by overlying cells, even after careful filtering and agitation of the inoculating suspension. Considerable variation in the distribution of the cells over the surface of the agar in the test plates may occur. These variations have been partially compensated by performing several similar experiments (4 to 7) at each wave-length studied, and by a statistical analysis of the data obtained. The number of cells in each irradiated area was found to vary between 150 and 300, so that for an average of five experiments a point on the final average smoothed curve at a given wave-length represents the counting of approximately 1000 ceils. The percentage of cells growing into normal macroscopic colonies was determined and plotted against the incident energy as shown in Figs. 1 and 2. To treat the data statistically, the method of averaging data from the smoothed curves of several parallel experiments was used as discussed by Gates (1929-30) . A similar treatment was accorded the data obtained using the three-cell stage as a criterion of survival. Gates , colony formation was chosen as a suitable all or none criterion of survival; no evidence of a stimulative action was found, even for exposures of 1 and 2 seconds. B u t observations with higher powers of the microscope revealed various changes and abnormalities* in cell growth and reproduction following irradiation, which indicated a period of survival even though normal colonies were not formed. On examination from 24 to 50 hours after irradiation, the extent of these changes was found to v a r y widely among the cells in a given irradiated area. This occurred at all of the wave-lengths studied between 2225 .~.u. and 3132 A.u.
Changes in Cell Size and Shape
Similar to the findings of and different types of cell groups could be distinguished: (1) single cells of normal size and showing no visible change; (2) single cells of giant size; (3) two-cell groups usually from 3 to 8 times the size of normal two-cell groups and more spherical in shape, hut often, in the budded cell, showing a long filament-like process constricted at intervals along its length; (4) three-to eight-cell groups, usually giants, which reach this stage and cease budding or go on to form buds of normal size to the production of a small colony; (5) larger groups in which although retarded in the formation of a normal sized colony show little evidence of giant cells.
3 Wyckoff and Luyet (1931) have called attention to some of these changes since the first observations were made in this laboratory. Mter the exposure of yeast from 15 day cultures they observed giant cells and cell colonies of reduced size which, although not reproducing, seemed to be "alive."
Inhibition of Reproduction
It is evident that two visual criteria can be selected for judging the effect of ultra-violet radiation upon the yeast cell. The first of these, inhibition of reproduction, is arbitrarily defined as the checking of budding to such an extent that the cell cannot give rise to a normal sized macroscopic colony before the environmental conditions of nutrition and waste products inhibit further activity. Obviously, various stages of inhibition may occur. The curve is drawn through the average points obtained from the smoothed curves of five experiments for comparison with points of single observations. Using this criterion, a definite, measurable, retardation could be demonstrated at the wave-lengths 3022, 2967, 2804, 2652, 2536, 2482, 2378, and 2225 /~.u. Areas irradiated at these frequencies showed that the size of the colonies decreased at a rate roughly proportional to the increase in incident energy. The relation between the number of normal sized colonies in the irradiated area as compared to the number of normal sized colonies in equal control areas on each side of the exposed area and the incident energy is shown in Fig. 1 , where the smoothed curve is drawn through the points obtained from five similar experiments at this wave-length. In Fig. 2 the curve is plotted and drawn from data obtained from averaging the values taken from the smoothed curves of each of these experiments. Points taken arbitrarily at intervals of 10 per cent (clear circles) from the curve of From these curves the relation between the percentage of inhibition and the incident energy appears to be logarithmic over the inhibitory range. There seems to be some resemblance to a first order reaction curve, but the same argument holds here in the case of yeast as has been presented by Gates (1929-30) , namely, that a distribution of resistance factors in the individual cells probably appreciably modifies the shape of the curve from that of a true first order reaction. This point will be referred to in a subsequent paper dealing with the quantum relations between light energy and the biological effect. In a 24 hour culture budding is still occurring at a rapid rate ( Fig. 3) , so there will be a mixed population of cells of different ages, and hence some variation in their reaction to absorbed quanta. Cells exposed to the other lines of the mercury vapor arc spectrum showed the same type of curve but the energies required to effect the same degrees of inhibition differed with the wave-length indicating that the absorption coefficient varies with the frequency of the incident radiation.
Inhibition of reproduction, i.e. the inability to form normal sized colonies, constitutes a satisfactory and clear-cut end-point for what appears to be the primary effect of absorbed ultra-violet energy. It has been noted, however, that when the period of exposure is increased beyond this point to higher energies varying degrees of injurious effects occur until all budding and growth are stopped. In analyzing this more extended part of the reaction a second end-point was chosen to serve as a criterion for measuring the survival of irradiated cells.
Lethal Effect
Survival m a y be judged in various ways, such as the resistance of the cell to penetration by certain dyes (cf. Fulmer and Buchanan, 1923-24; Fraser, 1920) , the continuance of gas exchange, or fermentation, etc., b u t for this study the ability of the yeast cell to form two or more daughter cells was selected as the criterion of survival. The survival ratio (Swann and del Rosario, 1932) then becomes the ratio of the number of cells which bud at least twice to the original number of cells exposed. 4
Using this criterion, detailed counts of the groups developing from irradiated ceils were made, after incubation in darkness for 36 hours at 25°C. The survival ratio (N/No) was calculated from the data of each experiment (after correcting for the number of apparently dead single cells as obtained from average values from the adjacent control areas) and the mean values were obtained by the method used in studying inhibition of colony formation for points arbitrarily taken at intervals of 10 per cent on the smoothed curves of several experiments at each of the wave-lengths studied, as given above.
The protocol of a single typical experiment at 2652/~.u. is given in Table I to show the different classes into which the groups of ceils were placed. The actual number of each class has been converted into percentage of survival a f t e r correcting for the number of single cells found in equal control areas. Curves were plotted from these data for the single cells, two-cell groups, and survivors (all groups of three or more cells). By performing several experiments at each wavelength the ends of the survival curve can be determined with much more accuracy than by any single complete experiment. The average deviation was found to vary between 4 and 9 per cent at the lower end of the curve for all wave-lengths and between 4 and 11 per cent at the upper end. In no case was the maximum per cent deviation twice that of the average deviation. Reference to T a b l e I I shows t h a t t h e i n c i d e n t e n e r g y r e q u i r e d to " k i l l " S . cerevisiae a t 3022 A.u. is v e r y m u c h h i g h e r t h a n a t a n y of t h e s h o r t e r w a v e -l e n g t h s studied. T h i s fact was i n d i c a t e d in t h e s t u d y of inhibition. E x p o -sures of an hour or more at 3132 A.u. produced such slight effects in inhibiting colony formation that no further tests at this wave-length were performed.
The curves of Fig. 4 form a family of curves as judged by averaging the energies as well as the numbers of yeast cells in terms of 100 per cent. This gives a curve similar to that of any of the individual curves.
Some energy is absorbed before any yeast cells react. For all wavelengths included in Table II the energy incident upon the cells before any lethal effect is observed is approximately 8 per cent of that required to "kill" all of the cells. Between 20 and 30 per cent of the cells do not survive after an exposure relatively short when compared with that required to suppress budding of all of the cells. The remaining 70 or 80 per cent require from 70 to 80 per cent of the energy required to kill all of the cells. The last 2 or 3 per cent of the cells are affected at a slightly lower rate. The relation between survival and incident energy over the major portion of the lethal range is thus almost logarithmic.
An analysis of the data obtained at the different wave-lengths on the basis of the percentage of the different types of cell groups showed no significant differences in the relative proportions of the several types.
Many two-cell groups present after 24 hours incubation proceed to bud and form groups of three or more ceils 36 hours after irradiation. This point is illustrated by Fig. 5, in incubation at 25°C. Observations made over a period of 150 hours, on yeast incubated in a moist chamber showed that the average decrease in the number of two-cell groups (by budding) at from 36 to 150 hours was 5 per cent in an area exposed to a total incident energy of 1420 ergs per ram. ~ at 2536 A.u. at 8°C. and incubated at 25°C.
The Shape of the Curve
The shape of the curves of Fig. 4 , especially through the middle region where the rate of killing is almost constant for each added increment of energy, resembles that of a first order reaction. Certain departures from the S curve of a true first order reaction indicate that other fac-tors beside absorbed energy probably play a part in influencing the course of injury. Lower resistance in young bud cells woutd explain the sharp curvature of the first part of the curve; high resistance of t00: old resting cells would tend to modify the shape of the lower end of the curve. If the influence of this factor is removed (assuming that the perfect state of all of the organisms being in the same stage of development could be attained) we would expect a closer agreement between these curves and the theoretical curve based on the probability of absorbed quanta producing an effect, according to the hypothesis of Crowther (1924 ( , 1926 ( ), Wyckoff (1930 , Swarm and del Rosario (1932) , and others. A test of these data on the quantum-hit-to-kill hypothesis will be considered later.
Rate of Budding of Irradiated Cells
To determine the effect of the absorbed energy on the rate of reproduction of S. cerevisiae, counts of the number of cells per colony in both normal and irradiated areas were made at various intervals during the 50 hour period following exposure of the plates. Average values for approximately 100 colonies per area were plotted semilogarithmically against the elapsed time (Fig. 3) for a series of exposures at 2652 ~.u. In contrast to the typical growth curve shown by the normal ceils, cells irradiated with small amounts of energy show a much lower rate of budding with a longer initial lag period and the curve does not flatten out as early as with normal cells. Colonies formed by the irradiated cells continue to lag behind normal colonies and over a 150 hour period appear to reach the resting stage soon after the normal colonies, even though their distribution is such as to permit plenty of nutritive material to be available. Drying out of the medium was prevented by a layer of mineral oil which was found not to inhibit budding of non-irradiated cells.
Due to the possible presence of inhibitory substances liberated by adjacent dead cells, a complex condition not open to a definite analysis on the basis of the incident energy to which the parent cell was exposed is the more probable state.
Oxygen Consumption of Yeast after Irradiation s
The contradictory statements in the literature in regard to a stimulative (de Fazi, 1915 (de Fazi, , 1921 , or a destructive effect of ultra-violet light (Feuer and Tanner, 1921; Tanner and Ryder, 1923) as measured by the respiration and fermentation of yeast, indicate a need for further quantitative observations on the gas exchange of these organisms. Suranyi and Vermes (1929) , also, found an increase of " a b o u t 50 per cent" in the oxygen consumption of yeast at p H 7.2.
To test this point further, but using monochromatic light of known intensities, a series of observations was made on the oxygen consumption of yeast suspensions immediately after irradiation.
Yeast cells from a 24 hour culture incubated as before on malt agar (pH -4.7) at 25°C. were washed with about 15 cc. of distilled water into a glass cell (3.5 × 2.2 × 2 cm.), the exposed side of which was a quartz plate. From this cell 2 cc. of the well stirred suspension was pipetted into each of three conical Warburg vessels containing 0.1 cc. of 10 per cent glucose solution with 0.1 cc. of 10 per cent KOH in the inset. The remainder of the solution was immediately exposed for 5, 20, or 60 minutes to the selected wave-length of ultra-violet light of measured intensity (of. Gates, 1929-30) , while stirred constantly by a stream of air. 2 cc. of this irradiated suspension was pipetted into each of three Warburg vessels containing the same solutions as the controls. All the vessels were then joined on to the manometers of Warburg respirometers (Warburg, 1926) and mounted in the thermostat together with a thermobarometer. The volume of the vessels was about 13 cc.; the thermostat was kept at 25°C., and the rate of shaking was maintained at 40 oscillations per minute with a throw of 8 cm. Observations were taken during the 2½ hour period immediately after irradiation. Usually, before starting the respiration tests, portions of the suspension were withdrawn from the irradiated and control specimens, washed in distilled water, and plated on nutrient agar for morphological observations to be made 24 hours later.
The significant results of these tests are given in Table I I I in the order of increasing wave-lengths used. In m a n y of the observations at the different wave-lengths tested such small energies were involved that no effect, either functional or morphological, was observed; these have been omitted from the table. However, in the experiments listed in Table I I I microscopic examination of the irradiated samples plated on agar and incubated for 24 hours at 25°C. showed t h a t from 19 to 87 per cent of the cells had been definitely affected b y exposure to single wave-lengths, and up to 96 per cent using the major part of the spectrum. Nevertheless, it will be noted that no observable effects on O2 consumption were obtained during the 2½ hour period until more than 80 per cent of the organisms had been so affected that normal colonies did not result from their subsequent growth. In only two instances, (3) and (6), did the 02 consumption drop off to an appreciable extent. In the case of (3) the exposure was the maximum energy used in the especially effective wave-length 2536 A.u. In (6) 96 per cent of the cells showed abnormalities after exposure to the whole spectrum between 2482 and 3132/~.u.
In obtaining the percentages of abnormal cells due to irradiation the following types were considered: (1) cells producing after 24 hours colonies of less than 16 cells; (2) cells growing to giant size and producing giant daughter ceils, often of semi-filamentous form; (3)small colonies produced by these giant ceils which after the fourth or fifth generation usually produce normal sized cells; (4) single cells considered to be dead. Cells which later produce two or more buds must be considered alive at the time of the O~ consumption measurements.
Results similar to those indicated in Table III have been obtained by Wels and Osann (1925) for the effect of X-rays upon the growth and metabolism of yeast. In certain cases in the present tests the suspensions were left in the respirometers and their O,. consumption determined 20 hours after the end of irradiation. The same relation between control and irradiated specimens was found as that existing during the 2½ hours immediately following irradiation.
It appears from these experiments that a mass of yeast ceils so affected by exposure to ultra-violet light that they subsequently reveal functional and morphological abnormalities evidenced by failure to multiply and by giant cell formation, may nevertheless maintain a normal respiratory rate during the hours immediately following exposure.
DISCU SSION
It is evident that whether one or several reactions are involved in the cell changes resulting from irradiation with monochromatic ultra-violet light, yeast cells can undergo different degrees of damage, from which they may or may not recover: (1) Inhibition of normal sized colony formation occurs at a low energy level.
(2) The reproductive mechanism is so damaged that only a few budded cells are produced. Growth of the cell, however, continues to the formation of giant cells, which are often associated with an apparent division of the nuclear body. (3) At a still higher incident energy the metabolic functions of the cell are injuriously affected as shown by a lowered rate of oxygen consumption. (4) Finally, with relatively long exposures, growth and reproduction are stopped. The cell may give rise to one bud, increase in size, and apparently "live" for a period of time but ultimately "dies" as indicated by loss of selective permeability to certain dyes, and by cytolysis (deferred death); or it may show no change excepting a more granular appearance of the cytoplasm and degenerative changes (immediate death). (5) The shape of the curves for the lethal action of ultra-violet light on S. cerevisia~ suggests that more factors than (a) single quantum hits on several molecules, as suggested by Rahn (1929-30) , or (b) multiple quantum hits on a sensitive region, as suggested by Wyckoff and Luyet (1931) , influence the reaction. The age and reproductive stage of the cell at the time of exposure are probable additional factors which modify the course of the process.
The results of the respiration tests establish another criterion of the effect of ultra-violet light on microorganisms based on the change of a metabolic process, as compared with criteria based on morphological changes. This effect falls between simple inhibition of reproduction and complete killing of the cell as judged by loss of selective permeability of the yeast cell wall (Rahn and Barnes, 1932-33) . 6 More observations on the O~ consumption are necessary before drawing definite conclusions concerning the region of the spectrum in which the effects are greatest, but the data of Table n I suggest the possibility that the maximum effect occurs at a different wave-length than is found for the morphological effects. I wish to express my gratitude to Professor W. J. Crozier and Dr. Frederick L. Gates whose aid and advice made this investigation possible.
SUMMARY
Effects of measured ultra-violet light on the yeast S. cer~isiae have been studied. Methods of culturing and irradiating the yeast, of estimating the nature and extent of the changes produced, and the means used in producing and measuring the radiation are given.
No evidence of a stimulative action was observed. The absorbed energy did not produce an all or none effect; arbitrary criteria must be used for judging the various inhibitory and lethal effects. With increase in the incident energy diverse effects were produced until abnormal cell growth and "death" of the cells resulted. Changes in the rate of oxygen consumption did not occur until after a high proportion of the irradiated ceils were so damaged that they produced abnormal cells. The shape of the curves relating effect to energy are similar for various wave-lengths but different energies are required to produce the same effect at each of the wave-lengths studied. The similarity of the curves to that for a first order reaction is noted, but attention is called to the modifying influence of accessory factors such as the age of the cells. A comparison is made of the morphological and metabolic changes on the basis of energy requirements, and their relative value as criteria in judging the effects of ultra-violet light on yeast and physiologically similar microorganisms.
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